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A B S T R A C T
This study investigated the drying behaviour of purple-speckled Cocoyam and the effect of drying temperature
(40 °C, 60 °C and 75 °C), slice thickness (4 mm, 7 mm and 10 mm) and pre-treatments (blanching in boiling
water for 3 min, blanching in boiling water for 3 min followed by dipping in 0.1 per cent sodium metabisulfite
for 5 min) and non-pre-treated slices. The process and quality criteria under consideration included the total
drying time, rehydration ratio, colour difference, browning index and specific energy consumption. The drying
air velocity was maintained constant at 0.6 m/s while the relative humidity was monitored to average 5 – 10 per
cent inside the drying cabinet during the experiments.
The drying process exhibited a 2-stage falling rate behaviour with kinetics best modelled by the Two-term
Exponential, Peleg and Midili models. Non-pre-treated Cocoyam slices performed better than pre-treated slices
in terms of decreased drying time, total colour change (ΔE), browning index (B.I) and specific energy con-
sumption (Es) with the exception of rehydration ratio (RR) for all factor settings. The pre-treatment process was
found to impart irreversible changes to the material that negatively impacted the majority of the quality at-
tributes considered. The combined effect of both pre-treatments and hot air drying should therefore be evaluated
to comprehensively take into account the total changes the entire process imparts on the material. Numerical
optimisation results revealed that the most suitable drying conditions were at a drying temperature of 75 °C, slice
thickness of 4 mm and without pre-treatment, which yielded a composite desirability index of 0.78. These
settings resulted in a total drying time of 109 min, a total colour difference of 2.4, browning index of 9.96,
rehydration ratio of 0.7 and specific energy consumption of 6119.3 kJ/kg.
1. Introduction
Root and tuber crops, including Cocoyam, are the second most
important food crops in developing countries after cereals [29]. Among
these crops is Cocoyam (Colocasia esculenta (L.) Schott), a perennial crop
with a large, fibrous root grown in the tropical regions of the world for
food [16]. Cocoyam corms contain various macro and micronutrients
[4,47]. However, Cocoyam is a low-cost subsistence crop farmed pri-
marily by small-scale farmers. Its uptake and commercialization are
hindered by, among other factors, its seasonality and poor storability in
its fresh form due to its high moisture content. Depending on the
growth conditions and maturity, the estimated moisture content of the
corm forms 60 – 83 per cent of the fresh weight [51]. Drying is one of
the oldest methods of food preservation by reduction of moisture con-
tent that dates back to the 12000 B.C [44]. Various drying methods
have been applied to different varieties of Cocoyam. These include the
traditional method of peeling and drying in open sunlight which is
weather-dependent and exposes food to contamination, solar drying
[54], microwave drying [59]and hot air oven drying [21,42].
Hot air drying is by far the most popular method of drying food
products with more than 85 per cent of industrial dryers utilising the
principle [39]. This is because hot air dryers are readily available, easy
to operate and incur a relatively lower initial investment cost [63].
However, the utility of hot air drying is constrained by relatively lower
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drying rates, longer drying times, destruction of natural pigments, de-
gradation of nutrients, high energy requirements and structural damage
to food materials [26]. It is, therefore, necessary to optimise hot air
drying processes to preserve product quality and to enhance the utili-
sation efficiency of drying resources. However, drying conditions must
be optimised for each specific food product and adjusted for each
specific drying equipment as a one-size-fits-all solution is not possible
[56].
Drying is an energy-intensive process that is responsible for an es-
timated 15 – 20 per cent of industrial energy use [22]. In food pro-
cessing, reducing the energy demand of drying operations is often a
technique applied to cut production costs [38]. The optimisation of
drying processes is critical for energy conservation, reduction of carbon
footprint and supporting efforts geared towards combating climate
change [22]. Optimal utilisation of energy resources can be achieved
through careful selection of the most appropriate drying settings. The
energy costs incurred during food drying is dependent on the drying
method adopted. For instance, overall freeze-drying costs, which in-
clude a summation of processing, conditioning and storage costs, are
about 4 – 8 times higher than those of hot air drying [17,52].
Dried food materials are often used in the production of flours and
consumption-ready-meals such as instant soups and snacks [25]. In
attempts to recover some of the original product properties, such foods
are rehydrated by soaking them into liquid mediums for specific
durations of time and at a specific temperature. Dried products pos-
sessing a low rehydration capacity are considered to be of poor quality
[52]. The rehydratability of material can, therefore, be used as a quality
index to assess the magnitude of damage imparted on the material
during processing [8,30]. The method of drying used prior to rehy-
dration has a significant influence on the thermophysical properties of
the rehydrated product [25]. For instance, hot air dried materials
possess a rehydration ratio that is 4 – 6 times lower than freeze-dried
materials [52]. Hot air drying results in a poorer quality rehydrated
product due to structural shrinkage and case hardening [9,52]. While it
is impossible to eliminate structural damage during hot air drying,
optimised drying settings can yield a more acceptable product.
Cocoyam contains a high phenolic content as well as polyphenol
oxidase enzyme (PPO) [61]). This increases its susceptibility to enzy-
matic browning reactions during drying. Various chemical and thermal
pre-treatments activity in specific pH and temperature conditions. are
often applied before processing and storage to prevent product quality
deterioration by enzymatic and non-enzymatic reactions. Zhang et al.
[62] investigated the effect of four different pre-treatments on the
drying behaviour and quality parameters of Cocoyam slices during in-
termittent microwave vacuum-assisted drying. Slice pre-treatment by
blanching followed by immersion in maltodextrin solution and freezing
resulted in a high drying rate and the shortest drying time. Cocoyam
samples precooked in water for 10 min then dried at 60 °C on a tray
dryer were found to yield flour with good physical, functional, nutri-
tional and pasting properties [28]. Additionally, PPO activity and
browning were reduced by the use of citric acid, sodium sulphite and
sodium metabisulphite in cashew apple [49]; ascorbic acid and sodium
metabisulphite in banana [57] and cinnamic acid, citric acid and malic
acid in mushroom [64].
A large body of information and knowledge is available discussing
various aspects of different varieties of Cocoyam drying with a dis-
course on empirical model selection [2,27], development of heat and
mass transfer parameters [42], comparison of drying methods [59], the
effect of pre-treatments [62], improvement of cooking conditions [1]
and production of high-quality Cocoyam flour [28,43]. However, stu-
dies on the effect of pre-treatments on the pre-drying material proper-
ties and the additional energy requirements due to the increase in
moisture content are non-existing. Additionally, no studies on the si-
multaneous optimisation of multiple quality criteria that are anchored
on multiple input factors for hot air drying processes for purple-
speckled Cocoyam have been documented. In this study, the hot air
drying behaviour and the effect of drying temperature (i.e. 40 °C, 60 °C
and 75 °C), slice thickness (i.e. 4 mm, 7 mm and 10 mm) and pre-
treatments (i.e. blanching and blanching followed by immersion in
sodium metabisulfite) on the total drying time, the drying rate, the total
colour difference, browning index, rehydration ratio and energy con-
sumption are investigated.
2. Materials and methods
2.1. Materials
This study utilised purple-speckled Cocoyam (Colocasia esculenta
(L.) Schott) corms grown in a farm in Meru County, Kenya using tra-
ditional agronomical methods. The farm lies in the upper highlands
ecological zone beside Mt. Kenya. The area receives an average annual
rainfall of 1250 mm and temperature of 20 °C. The corms were har-
vested at 6 months maturity in March 2019 and carefully sorted by
hand to select corms without visible insect infestation and other
blemishes. About 40 kg of freshly harvested roots were transported
within the same day to the Kenya Plant Health Inspectorate Service
(KEPHIS) laboratory for disease and pest screening. A phytosanitary
certificate was thereby issued declaring the materials free from in-
festation. The materials were then immediately dispatched by air
freight to Germany then by rail to the University of Kassel in
Witzenhausen where they were stored at a temperature of 4 ± 1 °C
until experiments.
2.2. Experimental design
Drying experiments were conducted to study the effect of drying
temperature, slice thickness and pre-treatments on the drying time,
energy consumption and quality attributes including colour and rehy-
dration ratio. The independent variables and their setting levels are
provided in Table 1.
Nomenclature
a ratio between green and red
b ratio between blue and yellow
B blanching pre-treatment
B + SM blanching and sodium metabisulfite pre-treatment
B.I browning index
D desirability
db dry basis
DM dry matter (g)
DR drying rate (kgW/kgDM.min)
Es specific energy demand (kJ/kg)
ΔE total colour difference/ change
DT drying time (h)
ΔE total colour difference
L lightness
M mass (kg)
MC moisture content (kgW/kgDM)
n sample size
N non-pre-treated
PPO polyphenol oxidase
RR rehydration ratio
RSM response surface methodology
t time (min)
wb wet basis
W.I whiteness index
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An I-optimal experimental design with 25 runs (i.e. 15 main runs, a
centre point replicated 5 times and 5 lack of fit points) was created
using Design-Expert software version 11 (Stat-Ease Inc., Minneapolis,
United States). I-optimal designs efficiently handle constrained ex-
perimental spaces, provide a good spread of points within the spaces
and centre points to detect curvature [37]. Data were analysed using
the Response Surface Methodology (RSM). RSM finds particular appli-
cation in situations where multiple input parameters influence the
performance of a process or the quality of an end product [41]. With
RSM, the number of experimental runs is reduced while retaining the
statistical integrity of the experiment thereby saving time, effort and
materials [15]. Additionally, RSM provides the capability to detect and
investigate the effect of factor-to-factor interactions and higher-order
terms. Experimental data were fitted into the generalised polynomial
model given in Eq. (1).
∑ ∑ ∑= + + + +
= < =
Y β β X β X X β X ε
i
k
i i
i j
ij i j
i
k
ii i0
1 1
2
(1)
where Y = response variable, Xi, Xj = independent variables,
k = number of variables in the study, β0, βi, βii, βij = regression coef-
ficients for the model intercept, linear terms, quadratic terms and in-
teraction terms respectively, ε = error term [11,37].
The sufficiency of the developed models was assessed by applying
the analysis of variance (ANOVA). The model was reduced to the sta-
tistically significant terms identified using Fisher’s F Statistic and a p-
value at the 0.05 level of significance. The degree of model fit was
assessed from the coefficient of determination (R2), adjusted coefficient
of determination (R2adj) and lack of fit tests. Model complexity was
controlled by an iterative leave-one-out method and the difference
between R2adj and R2pred was confirmed to be less than 0.2. The normal
probability plot, plot of residuals and the box-cox method were applied
to further refine the model by applying the recommended power-law
transformations to the data to improve the models.
2.3. Sample preparation and pre-treatment
At the start of experiments, Cocoyam corms were washed and sliced
to the required thicknesses (i.e. 4 mm, 7 mm and 10 mm) using a Graef
Vivo V20EU bench slicer (GRAEF GmbH, Germany). Further, slices of
25 mm in diameter were extracted from the main slices using a core
extractor. During sample preparation, the first 15 mm of the roots at
both ends were cut-off and discarded due to a possible difference in
material properties at both ends.
The slices were subjected to two different pre-treatments in ac-
cordance with the experimental design and following a slightly mod-
ified approach adopted from Afolabi et al. [2]. Cocoyam slices were
placed in boiling distilled water for 3 min and then instantly cooled
with chilled distilled water (10 ± 2 °C) for 1 min or placed in a bowl
containing freshly prepared 0.1% Sodium Metabisulfite (Na2S2O5) for
5 min. The slices were then gently blotted with a paper towel to remove
all surface moisture. Non-pre-treated slices were also prepared.
2.4. Drying experiments
Drying experiments were executed at temperatures of 40 °C, 60 °C
and 75 °C. Each drying run utilised 9 slices (i.e. 3 for gravimetric
analysis and colour measurement; 6 for rehydration experiments). The
total mass of slices utilised during drying of 4 mm, 7 mm and 10 mm
was 14.50 g, 26.28 g and 38.38 g respectively for each run. The pre-
pared slices were dried using an HT-Mini Hohenheim drier (Innotech-
Ingenieursgesellschaft GmbH, Germany±2 °C) with perforated trays of
dimensions 420 × 440 mm and an air circulation fan with a velocity of
0.6 m/s. The drier operates on the principle of convective drying with
air splitting between the trays for even air distribution. Before the start
of experiments, the drier was preheated to the target drying tempera-
ture for 15 min. Drying experiments were conducted with all trays in-
place for uniform air distribution. Experiments were executed following
a randomised order produced using the Design-Expert software version
11 (Stat-Ease Inc., Minneapolis, United States).
Sample weight measurements were taken successively with the
progress of the drying process using a Sartorius Excellence E2000D
digital weighing balance,± 0.001 g (Sartorius AG, Germany), initially
after every 20 min and then hourly until an estimated moisture content
of between 0.11 and 0.14 kgW/kgDM, which corresponds to the optimal
storage moisture conditions for most root and tuber crops [19]. At each
measurement of slice weight, slices were also subjected to colour
measurements using a Konica Minolta CR400 Chromameter (Minolta,
Osaka, Japan). At the end of each experiment, slices were dried in a
Memmert Oven Drier (Memmert GmbH, Germany) in accordance with
AOAC [6] at 105 °C for 24 h to determine the dry matter content (DM).
The moisture content, dimensionless moisture ratio and the drying rate
were determined using Eqs. (2)–(6).
=
−mc M M
M
( )
wb
t DM
t (2)
where mcwb = sample wet basis moisture content (–), Mt = sample
mass at time t (g) and MDM = mass of the sample dry matter (g).
=
−mc M M
M
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where mcdb = sample dry basis moisture content.
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−
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where MR = moisture ratio (dimensionless), Mo = initial sample mass
and Me = sample mass at equilibrium. The sample mass at equilibrium
compared to Mt and Mo is negligible [34], Eq. (4) can, therefore, be
reduced to the simpler form provided in Eq. (5).
=MR M
M
t
o (5)
The drying rate was calculated using Eq. (6).
=
− +DR M M
t
( )
Δ
t t tΔ
(6)
where DR = drying rate (kgW/kgDM.min), Δt = drying timestep (min)
2.5. Colour measurement
Colourimetric measurements were acquired during drying using a
Konica Minolta CR400 colourimeter (Minolta, Osaka, Japan) for de-
termination of colour parameters. Before each measurement, the col-
ourimeter was calibrated against standard tile (i.e. white). The mea-
sured values for 3 slices with 3 measurements per slice were averaged
to describe the colour parameters before pre-treatment, after pre-
treatment and during the drying process within the CIELab colour
space. Measurements were taken simultaneously with each measure-
ment of slice weight. The tristimulus total colour difference, browning
Table 1
Independent variables and their levels.
Factor Coded units Coded levels
−1 0 1
Drying temperature (°C) X1 40 60 75
Slice thickness (mm) X2 4 7 10
Pre-treatment (–) X3 N B B + SM
Where N = non-pre-treated, B = blanch pre-treatment and
B + SM = blanching followed by application of sodium metabisulfite.
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index and whiteness index were computed using Eq. (7) to Eq. (10)
= − + − + −∗ ∗ ∗ ∗E L L a a b bΔ ( ) ( ) ( )i t i t i t2 2 2 (7)
=
−B I x. 100. ( 0.31)
0. 172 (8)
where
=
+
+ −
∗
∗ ∗x
a L
L a b
( 1. 75 )
(5. 645 3. 012 )
t t
t t (9)
= − − + +∗ ∗W I L a b. 100 (100 )t t t (10)
where ΔE = total colour difference, B.I = browning index,
W.I = whiteness index, L = lightness factor (0 = dark, 100 = light),
a* = greenness/redness (−80 = green, 100 = red) and b* = blue-
ness/yellowness (−80 = blue, 100 = yellow), i = initial value of a
parameter and t = value of the parameter at time t.
2.6. Empirical and semi-empirical model fitting
The results of the drying experiments were fitted to 19 empirical
and semi-empirical models commonly applied in modelling drying
processes for food materials. The models evaluated included: Newton
model, Page model, Modified page (II), Modified page (III), Henderson
and Pabis model, Modified Henderson and Pabis model, Midili et al.
model, Logarithmic model, Two-term model, Two-term exponential
model, Hii et al. model, Demir et al. model, Verma et al. model,
Approximation of diffusion, Modified Midili et al., Aghbashlo et al.
model, Wang and Singh, Silva et al. model and the Peleg model [45].
Non-linear regression analysis was conducted in MATLAB software
version R2019a (MathWorks Inc., USA) to determine the model coef-
ficients. Models were selected on the basis of returning the highest
value of the coefficient of determination (R2), adjusted coefficient of
determination (R2.adj) and the lowest Root Mean Square of Error
(RMSE) and Sum of the Squared Errors (SSE) at the 0.05 level of sig-
nificance. A plot of the residuals relative to the curve fits was made
where the residuals were checked to be randomly scattered on both
sides of the zero line for a good fit.
=
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− −
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2
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where n = number of observations, k = number of independent vari-
ables, SSE = Sum of the Squared Errors, MRo = observed moisture
ratio value and MRp = predicted moisture ratio value, RMSE = Root
Mean Square of Error.
2.7. Rehydration experiments
Experiments were conducted to reconstitute moisture into dried
slices to determine the Rehydration Ratio (RR). Three slices were drawn
at the end of each drying run. The slices were placed in boiling distilled
water consistently heated for 5 min to absorb moisture. The fresh slice
weight and slice weight after rehydration was measured with a
Sartorius Excellence E2000D digital weighing balance (Sartorius AG,
Germany). RR was calculated using Eq. (14) [12,30].
=RR M
M
a
b (14)
where RR = rehydration ratio (dimensionless), Mb = initial fresh
weight of slice (g), Ma = weight of slice after rehydration (g).
2.8. Estimation of energy demand for drying
The energy consumed during drying was calculated using Eq. (15)
[3,23,38,40].
=E A ρ c T t·ϑ· · ·Δ ·t a a (15)
where Et = total energy consumed during the drying run (kJ),
A = cross-sectional area of the drying tray holding the slices (m2),
ϑ= air velocity (m/s), ρa = density of air (kg/m3), ca = specific heat of
air (kJ/kg. K), ΔT = temperature difference (K) and t = total time of
the drying run.
The specific energy requirement, Es (kJ/kg) was calculated using Eq.
(16);
=E E
Ms
t
i (16)
where Mi is the starting weight of the slices (kg).
2.9. Optimisation using the desirability function approach
Parameter optimisation was conducted in the Design-Expert version
11 (Stat-Ease Inc., Minneapolis, United States) utilising the desirability
function approach. The approach involves the application of mathe-
matical methods to convert a multivariable problem into a single re-
sponse problem [13,14].
This study applied the desirability function method developed by
Harrington [20] and modified by Derringer & Suich [14]. The objective
criteria applied were geared towards the minimisation, maximisation or
achievement of a set target of the optimisation function. The desir-
ability function approach converts the estimated response variable Yn to
a desirability index dn taking values between 0 and 1. Desirability in-
creases as dn increases from 0 to1. The desirability indices for each
response variable are then combined into the composite desirability
index by calculating the geometric mean as shown in Eq. (17).
= × × ⋯D d Y d Y d Y[ ( ) ( ) ( )]n n n1 1 2 2
1
(17)
Table 2
Numerical optimisation criteria and constraints.
Factors & Parameters Optimisation goal Lower limit Upper limit Importance
Factors
Drying temperature (°C) keep in range 40 75 –
Slice thickness (mm) keep in range 4 10 –
Pre-treatment (–) keep in range N B + SM –
Parameters
Total drying time, T (min) minimise 108 1580 5
Colour difference, ΔE (–) minimise 0.82 25.26 5
Browning Index, B.I (–) minimise 7.87 20.24 5
Rehydration ratio, R.R (–) maximise 1.36 2.82 5
Specific energy consumption, Es (kJ/kg) minimise 5770 28210 5
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where D = composite desirability index, n = number of response
variables.
Table 2 presents the optimisation goals set for the individual re-
sponses, the lower and upper parameter constraints and the allocated
level of importance. The drying process settings were kept in their
range and their importance was left at the default settings. All responses
were allocated the maximum level of importance as they are of parti-
cular interest to both the food processor and the consumer. Optimisa-
tion goals included the maximisation of the RR and the minimisation of
the total drying time, the total colour difference, the browning index
and the specific energy consumption.
3. Results and discussions
3.1. Drying kinetics and model fitting
Drying kinetics provide the most important data for the design and
simulation of drying systems [52]. Fig. 1 shows the changes in moisture
ratio as a function of time at the different settings during hot air drying.
The purple-speckled Cocoyam material utilised had an average initial
moisture content of 1.74 kgW/kgDM which increased to an average of
2.65 kgW/kgDM after pre-treatment. The fastest drying time (i.e.
108 min) occurred at 75 °C temperature and 4 mm thickness without
pre-treatment while the slowest drying time (i.e. 1560 min) occurred at
40 °C temperature and 10 mm thickness with the blanching pre-treat-
ment.
Model fitting revealed that the Two-term exponential model, the
Peleg model and the Midili model consistently returned desirable values
for the statistical measures of fit under consideration. The three models
therefore adequately modelled the drying kinetics of purple-speckled
Cocoyam under the selected experimental conditions. The Logarithmic
model was also found to slightly over-predict the drying kinetics but
with less desirable statistics than the three models above. This com-
pares well with the findings of Afolabi, Tunde-Akintunde & Adeyanju
[2] who found the Logarithmic and Parabolic models to best describe
the oven and sun-drying behaviour of Cocoyam. Kumar et al. [27]
found the Page model to be adequate in describing the drying kinetics
of Cocoyam using the microwave drying method. Table 3 presents the
models fitted to the data.
Fig. 2 shows the plots of the drying rate against the dry-basis
moisture content for the drying experiments for the different pre-
treatments and slice thicknesses. The drying curves exhibit a 2-stage
falling rate drying behaviour with a faster first stage and decelerating in
the second stage. The non-pre-treated slices and the 4 mm slices ex-
hibited higher drying rate at the same value of moisture content as
compared to the other conditions. This is due to the lower value of
moisture content of non-pre-treated slices and the shorter distance of
moisture molecules travel to the surface of the 4 mm slices. It can be
observed that the non-pre-treated slices retained a drying rate higher
than the pre-treated slices up to the end of the drying process. The B
and B + SM pre-treatments demonstrated a comparable drying rate
behaviour. This could be due to the similar pre-treatment procedure
followed that subjected the slices to blanching water containing a si-
milar amount of heat. The 4 mm slices had a higher initial moisture
content than both the 7 mm and 10 mm slices. This could be due to the
lower surface area to volume ratio and the longer moisture migration
path that made them absorb less moisture during pre-treatment.
Table 4 presents the regression equations fitted to the studied re-
sponses alongside the adjusted R2 coefficients and the Fishers F-values.
Total drying time was fitted with a 2-factor interaction model, B.I with
a linear model, RR with a linear model and specific energy consumption
with a second-order polynomial model. No model was fitted to ΔE as it
was found to be solely significantly influenced by the pre-treatment.
3.2. Effect of pre-treatment and process settings on the total drying time
The drying time was significantly influenced by the drying tem-
perature (p < 0.0001), the slice thickness (p < 0.0001), the pre-
treatment (p < 0.0001), the interaction between the drying tem-
perature and slice thickness (p < 0.001) and the interaction between
the slice thickness and pre-treatment (p < 0.001). The effect of pre-
treatments and process settings on the total drying time is presented in
Fig. 3. An increase in the drying temperature from 40 °C to 75 °C and a
corresponding decrease in the slice thickness was found to decrease the
drying time. An increase in the air temperature decreases the vapour
pressure, increases the moisture-holding capacity of the drying air [58]
and also the vapour pressure within the product [2]. This results in an
increase in the drying rate and a subsequent decrease in the drying
time. This phenomenon was confirmed by monitoring the relative hu-
midity of the air inside the drying cabinet during the drying process.
The relative humidity was observed to reduce from the average ambient
value of 30 – 40 per cent to an average of 5 – 10 per cent inside the
drying cabinet during the experiments.
An increase in the slice thickness may help reduce the incidence of
surface shrinkage during drying [50]. However, a greater slice thick-
ness also increases the length of the path that moisture molecules have
to travel from the slice centre to the surface [5]. Consequently, the time
required for drying increases as shown in Fig. 3b. Similar results on the
effect of the thickness have been reported for pumpkin slices [31],
potato slices [5] and papaya [53].
As shown in Fig. 3a, the B and B + SM pre-treatments increased the
drying time significantly above the non-pre-treated status. A similar
observation on the drying time was made by Afolabi et al. [2]. The
application of water and heat during blanching causes the uptake of
water and swelling of starch granules. Amylose molecules then leach
into the surrounding water causing a collapse of the starch granule.
During the cooling step, gelatinized starch molecules aggregate forming
a stiff gel layer on the surface layer on the slices that prevents moisture
migration to the slice surface thereby increasing the drying time [28].
Additionally, the moisture content added to the slices during pre-
treatment requires additional time to remove the extra moisture. RSM
analysis and ANOVA revealed that drying of purple-speckled Cocoyam
at a temperature of 75 °C, at 4 mm slice thickness without pre-treatment
provides the best settings for a decreased total drying time.
3.3. Effect of pre-treatment and process settings on slice colour change
As shown in Fig. 4, ΔE was found to be solely influenced by the pre-
treatments at all factor settings (p < 0.0001) while B.I was sig-
nificantly influenced by pre-treatment (p < 0.0001) and the drying
temperature (p < 0.05). The B pre-treatment caused the most
Fig. 1. Sample drying kinetics at 4 mm slice thickness showing the fitted
models.
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significant increase in ΔE and B.I while the non-pre-treated status
caused the least absolute change of both colour indices. As shown in
Fig. 4b, an increase in the drying temperature from 40 °C to 75 °C
caused a linear increase in B.I. Moreover, an analysis on the individual
colour parameters found ΔL* and Δa* to be both significantly influ-
enced by the pre-treatment only (p < 0.0001) just like ΔE and the Δb*
by the slice thickness and the interaction between the drying tem-
perature and the slice thickness (i.e. p < 0.01 and p < 0.05 respec-
tively).
The a* parameter was observed to depict greater stability (i.e. lower
magnitude of change) as compared to the L* and b* parameters. Similar
behaviour has been observed for red pepper [60] and for paprika [36].
However, as shown in Fig. 4 the B pre-treatment was observed to cause
a significant increase in a* above the non-pre-treated state as compared
to B + SM after pre-treatment contributing to higher values of both ΔE
and B.I as compared to the B + SM pre-treatment. The reason for this is
that the blanching process degraded the purple coloured anthocyanins
in the slices to form Chalcone, an unstable form with a tendency to
degrade further to brown products such as malvidin 3-O-glucoside
[18,65]. In contrast, sulphur dioxide from the B + SM pre-treatment
rapidly bleached the brown products forming colourless compounds
leaving the slices with comparatively lower values of ΔE and B.I [10].
Fig. 5 and Fig. 6 present the evolution of the ΔE and B.I as functions
of the moisture ratio. A new colour index (i.e. the whiteness index) is
also introduced to help elaborate the evolution of colour. Fig. 5 shows
the evolution of ΔE, B.I and W.I for non-pre-treated slices. It was
observed that both ΔE and W.I gradually increased to attain a subtle
peak at the moisture ratio between 0.5 and 0.6. The B.I also decreased
to attain the minimum value in the same range of the moisture ratio.
This could be due to an increase in the L* parameter and a slight decline
of the a* and b* parameters. This phenomenon can be explained as
follows; slicing exposed a fresh surface which allowed rapid removal of
moisture from the non-pre-treated slice surface causing a slow emer-
gence of a reflective white starchy colour hence an increase in L*, ΔE
and W.I during the first stage of drying up to the level of moisture
content where the drying rate switched from the first to the second
drying phase. With the slow onset of enzymatic browning due to a
gradual formation of brown pigments from an increase in both a* and
b* at the slice surfaces and a reduction in the L* parameter, this resulted
to an increase in B.I, a decline ofW.I and a smaller absolute ΔE between
the start and the end of the drying process.
Fig. 6 shows the evolution of the colour indices for blanched slices.
Unlike in the non-pre-treated case, the heat pre-treatment process for
both B and B + SM rapidly denatured the heat-labile part of the slice
enzymes; the relatively heat stable part then dominated the entire
drying process causing a consistent reduction in L* [33,61]. Similar
behaviour was reported for potato chips dried after various pre-treat-
ment combinations that included blanching [48]. Moreover, starch
gelatinisation and hydrolysis during the blanching process could have
altered the optical properties of the slices making them exhibit a lower
level of lightness [48,62]. This effect in combination a concurrent in-
crease in both a* and b* caused the consistent decrease in W.I and an
increase in both ΔE and B.I.
The stability and acceptability of dried products can be predicted
from the extent of colour change after thermal processing [60]. Overall,
the B pre-treatment caused the most significant increase in ΔE and
browning while the non-pre-treated slices experienced the least ΔE and
browning as demonstrated in Fig. 4a. Further, both the B and B + SM
pre-treatments were observed to not offer any colour preservation
benefits to the subsequent drying process. This suggests that drying
processes for purple-speckled Cocoyam should be conducted without
the studied pre-treatments. A similar recommendation was made for
hot air drying of Boletus edulis Mushroom under similar pre-treatments
as used in this study [7].
3.4. Effect of pre-treatment and process settings on the rehydration ratio
As demonstrated in Fig. 7, RR was significantly influenced by the
pre-treatment (p < 0.0001) and the slice thickness (p < 0.05). The
drying temperature was found to have an insignificant effect on RR. The
Table 3
Drying models that best fitted to the drying data.
Model name Frequency (Total runs = 25) Form of model Model Author
Two-Term Exponential model 14 = − + − −MR a k t a k a t. exp( . ) (1 ). exp( . . )o 1 [55]
Peleg model 9 = −
+
MR 1 ta b t( . ) .
[46]
Midili model 2 = − +MR a k t b t. exp( . ) . . [35]
Where M.R = moisture ratio, t = drying time, a and b = model coefficients, k0 and k1 = drying rate constants.
(a)
(b) 
Fig. 2. Drying rate curves of slices dried at 60 °C temperature (a). blanched
slices (b). 7 mm slice thickness.
Table 4
Regression equations fitted to response variables.
Response Model (in actual units)/parameter setting Adj. R2 F-value (model) F-value (lack of fit)
Total drying time, T (min) T1/2 = 1.912 – 0.014A + 0.398B – 0.004AB 0.990 215.18*** 0.482a
Total colour diff., ΔE (–) N 0.948 218.93*** 0.456a
Browning Index, B.I (–) B.I = 7.023 + 0.034A 0.952 140.86*** 0.285a
Rehydration ratio, RR (–) RR = 0.773 –0.022B 0.729 20.74*** 0.642a
Specific energy consumption, Es (kJ/kg) ln Es = −0.628 + 0.07A + 0.121B – 0.0005A2 0.925 43.09*** 0.617a
Where A = drying temperature (°C), B = slice thickness (mm), N = non-pre-treated. Statistical levels of significance: ***p < 0.0001, **p < 0.001, *p < 0.05,
ap = non-significant
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general effect of the process settings observed was that both B and
B + SM pre-treatments resulted in an increase in RR above the non-pre-
treated status as shown in Fig. 7a. This result compares to the findings
of Maldonado, Arnau, & Bertuzzi [32] where mangoes osmotically de-
hydrated with glucose exhibited larger moisture reuptake on rehydra-
tion as compared to non-pre-treated mango samples. Moreover, RR was
highest at the slice thickness of 4 mm and decreased with increase in
slice thickness to attain a minimum value at the 10 mm slice thickness
as shown in Fig. 7b. According to Krokida & Marinos-Kouris [24], lower
values of RR after drying indicate a high incidence of cellular and
structural damage during the drying process. This results in a dense
structure with collapsed capillaries and shrunken pores that block the
material’s moisture reuptake [24]. It can be observed from Fig. 7a and
Fig. 7b that hot air drying of purple-speckled Cocoyam without pre-
treatment and at the 10 mm slice thickness led to a denser material
structure hence a low value of RR. Hot air drying of purple-speckled
Cocoyam material at 4 mm slice thickness with the B and B + SM pre-
treatments provided a higher value of RR. This behaviour is likely due
to extensive cellular damage during the blanching pre-treatment which
(b) (a) 
Fig. 3. Effect of drying settings on the total drying time at 60 °C temperature (a). at 7 mm slice thickness (b). Blanch pre-treatment.
(a) (b) 
Fig. 4. Effect of drying settings on ΔE and B.I at 7 mm slice thickness.
Fig. 5. Evolution of ΔE, B.I and W.I at 60 °C temperature and 7 mm slice
thickness for non-pre-treated slices.
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opened pathways in the product for the uptake of moisture after drying
during the rehydration process. The best drying settings for a desirable
outcome of RR were observed to be at the 4 mm slice thickness with the
B + SM pre-treatment.
3.5. Effect of pre-treatment and process settings on the specific energy
consumption
Fig. 8 presents the specific energy consumption for the selected
drying settings. The specific energy consumption was observed to be
significantly influenced by the drying temperature (p < 0.05), slice
thickness (p < 0.0001) and the pre-treatment (p < 0.0001). As
shown in Fig. 8b, drying temperature had a quadratic effect on the
specific energy consumption, with more energy being consumed at the
drying temperature of 60 °C and less at the other temperature settings.
This result is in agreement with the findings of Koyuncu et al. [23] who
found the temperature to have a significant effect on the specific energy
consumption during drying of red and yellow azarole fruits. The
minimum specific energy consumption was found to occur at 40 °C and
the maximum at 60 °C. At 75 °C, the specific energy consumption was
observed to decrease. This could be because, with the increase in
temperature beyond 60 °C, the accompanying decrease in drying time
compensates for the specifically higher energy demand for air heating.
The slice thickness and pre-treatment were found to have a greater
effect on the specific energy consumption than the drying temperature.
As shown in Fig. 8b, the specific energy consumption was found to
increase with an increase in the slice thickness from 4 mm to 10 mm.
This occurred because larger material dimensions at 10 mm thickness
and a comparatively smaller surface area to volume ratio held a higher
amount of moisture content. This increased the residence time in the
dryer causing an increase in energy consumption. Fig. 8a presents the
effect of the pre-treatments on the specific energy consumption. Both
the B and B + SM pre-treatments resulted in a similar amount of spe-
cific energy consumption. The pre-treated slices required more energy
to remove the extra moisture added during pre-treatment. Further, the
formation of a hard surface layer due to starch gelatinisation during
pre-treatment prevented the migration of moisture to the slice surfaces
for removal [28]. Both factors increased the residence time of the slices
in the dryer and thus the higher specific energy consumption. The re-
sults reveal that hot air drying at the 4 mm slice thickness without pre-
treatment and with drying temperature set at either 40 °C or 75 °C
provide the best settings for the specific energy consumption.
3.6. Parameter optimisation
Table 5 presents the most desirable solution which provides the
parameter settings for the most optimal drying conditions.
Optimisation results revealed that the most suitable drying condi-
tions are at a drying temperature of 75 °C, slice thickness of 4 mm
without pre-treatment. At these settings, the composite desirability
index was 0.78. These settings yield a total drying time of 109 min, a
total colour difference of 2.4, browning index of 9.96, a rehydration
ratio of 0.7 and specific energy consumption of 6119.3 kJ/kg.
4. Conclusions
The optimization of hot air drying processes is important for the
retention of product quality and to enhance of utilisation efficiency of
drying resources. Selection of drying settings is a careful balancing act
between the production of food with the most desirable quality char-
acteristics for the consumer while ensuring resource sustainability of
the production process. This study found the examined responses to be
highly dependent on the selected drying settings. Non-pre-treated
purple-speckled Cocoyam slices performed better than pre-treated slices
regarding all the quality criteria considered except the rehydration ratio
for all factor settings. For purple-speckled Cocoyam, the pre-treatment
Fig. 6. Evolution of ΔE, B.I and W.I at 60 °C and 4 mm thickness for Blanch pre-
treated slices.
(a) (b) 
Fig. 7. Effect of process settings on RR (a) at 7 mm slice thickness, (b) for Blanch pre-treated slices.
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process imparts irreversible changes to the material that negatively
impacts the hot drying process by increasing the drying time, increasing
the total colour change, browning of slices and increasing the specific
energy consumption. However, the studied pre-treatments caused slice
structural changes resulting in greater moisture reconstitution into the
slices as compared to the non-pre-treated state. Most studies have fo-
cuses on investigating the benefits of various pre-treatments towards
colour preservation and faster drying. However, the combined effect of
both pre-treatments and hot air drying must be considered to compre-
hensively take into account the total changes the entire process imparts
on the material.
This study has provided an optimisation solution that strikes a
balance between a sustainable production process and a desirable
product for the consumer. As such, the settings proposed are not ne-
cessarily the ultimate best for each factor but those providing the most
acceptable balance of the competing needs. Further studies will focus
on the influence of relative humidity and air velocity on the drying
process. The utilisation of machine vision technology for non-invasive
product quality assessment during drying will also be considered.
Studies on the shelf stability, consumer acceptability and sensory
quality of the slices dried under the above conditions will also be
conducted for a successful transfer of the new knowledge to the market.
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